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A method for selective normal mode excitation in thin film bulk acoustic wave resonators, based
on multilayer structures with any number of ferroelectric films in the paraelectric phase, is
presented. The possibility to control the excitation of thin film bulk acoustic resonators’ normal
modes by simultaneous manipulating both the polarities and the magnitudes of the dc bias voltages
applied to the ferroelectric layers is demonstrated. The proposed method was verified using the
Lakin’s model, modified to describe the electro-mechanical behavior of a structure with four active
ferroelectric layers.VC 2014 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4899067]
Thin film ferroelectric bulk acoustic resonators (FBAR)
offer significant potential in the area of modern microwave
electronics. The key features of the FBAR are their ultra-
small size and the ability to work at frequencies up to tens of
gigahertz. They are widely used in miniaturized filters for
communication and navigation systems. Modern microwave
FBARs are multilayer thin-film structures containing one
piezoelectric layer (AlN and ZnO).1–3 The operating fre-
quency of these resonators is determined by the thickness of
the structure and by the elastic properties of layers and does
not have electrical tuning. Therefore, the development of
FBARs with the capability of electrically controlling their
resonance frequency is a challenging problem whose solu-
tion could lead to a significant improvement of the modern
filter devices and microwave systems.
A possible solution of this problem is to replace the pie-
zoelectric materials traditionally used for FBAR fabrication,
with ferroelectric materials in the paraelectric phase. A good
candidate is strontium titanate (SrTiO3, STO). STO is a rela-
tively low loss dielectric material with a centro-symmetric
crystal structure, in which an external electrical field induces
the piezoelectric effect. The magnitude of the applied field
determines the value of the piezoelectric coefficient. In the
previous studies,4–7 both theoretical and experimental results
predict a maximum electrical tuning up to 4.4%7 of the
FBAR’s operating frequency by varying only the magnitude
of the applied bias field. Introducing resonance frequency
switching ability in the FBAR is a way to revolutionize its
operational functionality. This could be achieved by develop-
ing a FBAR with two ferroelectric layers separated by a con-
ductive electrode.8–10 This approach allows one to change not
only the amplitude but also the direction of the DC bias field
in the layers, hence changing the sign of the induced piezo-
electric coefficients. As was shown in Refs. 8–10, in a resona-
tor with two ferroelectric layers, by changing the sign of the
bias field in one of the layers, it is possible to switch the oper-
ating frequency of the resonator by a factor of two.
This work presents an FBAR architecture that allows
significant improvement of the device’s operational range by
introducing multi-resonance frequency switching ability.
The proposed device is based on a multilayer structure with
two or more ferroelectric layers (called active layers in the
paper) separated by conductive layers (electrodes). The elec-
trodes are used for application of individual DC bias field
(with desired the magnitude and the polarity) to each active
layer. In such a way, it is possible to vary both the magnitude
and the sign of the induced piezoelectric coefficients, hence
to control the excitation efficiency of each normal acoustic
mode in the structure.
Let us consider the excitation conditions of the normal
acoustic modes in a thin film resonator which consists of
four active layers and where there is a possibility to apply to
each of them individually a dc bias with different value and
polarity. For simplicity, let us assume that all active layers
are made of the same material (e.g., SrTiO3), and they are
separated by infinitely thin electrodes (i.e., the thicknesses of
the internal electrodes should be much smaller than the
thickness of the STO layer. For example, 3–5 nm thick Pt
layer could be enough if the roughness of the STO films is
less than 1–2 nm). This assumption simplifies the calculation
of electromechanical equations and excludes from the model
the layers that are not involved in the excitation of acoustic
oscillations. In addition, taking into account that the in-plane
dimensions of the resonator are usually much greater than its
thickness, it is possible to further simplify the modeling pro-
cess considering the one dimensional case. Finally, for a bet-
ter demonstration of the different modes’ selective excitation
process, the frequency dependence of the acoustic and elec-
trical losses in the ferroelectric layers is ignored and it is
assumed that the external boundaries of the structure are
acoustically free (e.g., a membrane structure).
When a microwave signal is applied to the external elec-
trodes of the resonator, electromagnetic wave energy is con-
verted into elastic vibrational energy. Such a transformation
is enhanced at the frequencies of the resonator’s normal
acoustic modes, when there is a standing wave of the me-
chanical displacements (g) generated in the structure (see
Figure 1). This is due to the linear deformation (stretching or
compression) of the active layers and simultaneous move-
ment of their boundaries (interfaces), caused by the DC field
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induced piezoelectric effect in the active layers. The maxi-
mum conversion of electromagnetic wave energy into elastic
vibrational energy corresponds to the maximum deformation
of the active layers (we will call this case as the most effi-
cient excitation of the normal mode).
With the reference to Figure 1, the thick black solid line
represents the first four normal modes of the standing waves
of mechanical displacements in the structure. The polarity of
the DC field applied to the individual active layers is given
on the left-hand side of the graphs. Let us assume that boun-
daries with displacement g< 0 (depicted with the dashed-
dotted lines (blue in color)) move down (the along the arrow
direction), while boundaries with displacement g> 0 (dotted
lines (red in color)) move in the opposite direction. Finally,
there is no displacement when g¼ 0.
The first FBAR normal acoustic mode (thick black solid
curve in Figure 1(a)) is generated when the polarity of the
DC bias applied to all four layers is the same. This corre-
sponds to anti-phase oscillation of the structure’s external
boundaries (i.e., periodic tension-compression of the entire
structure). The external boundaries have the maximum oscil-
lation amplitude, while the centre plane of the structure is
motionless. The second normal mode (Figure 1(b)) is gener-
ated when the polarity of the DC bias applied to the top two
layers is opposite to the polarity of the one applied to the bot-
tom two layers. This results in tension of the top two layers
and compression of the bottom two layers (or vice-versa, and
therefore in a two-layer structure it is possible to generate a
second natural mode8–10). In this case, there are three planes
with maximum oscillation amplitudes: both external struc-
ture planes and the centre structure plane. However, external
planes are moving in phase and therefore the total structure’s
thickness does not change.
To generate the third normal mode (Figure 1(c)), a DC
bias with one polarity is applied to the outer (top and bottom)
layers, while a bias with opposite polarity is applied to the
inner two layers (i.e., tension of the outer two layers and
compression of the inner two layers, or vice-versa). This
results in anti-phase oscillation of the structure’s external
boundaries and a motionless centre plane of the structure,
like for the first normal mode. To generate the fourth normal
mode (Figure 1(d)), the applied DC bias changes its polarity
in every active layer of the structure (i.e., the structure con-
sists of alternating tensile and compressed layers). This
results in oscillation with maximum amplitude of all bound-
ary planes. Furthermore, the external planes are moving in
phase and therefore the structure thickness does not change,
which is the same case as for the second normal mode.
Fig. 2 shows the electrical impedance-frequency de-
pendence (Z(f)) of a resonator structure that consists of four
2 lm STO layers with a total multilayered structure thickness
of 8lm. The calculation was carried out using the method
proposed by Lakin et al.,1 modified to describe the electro-
mechanical behavior of a structure with four active layers. A
similar approach was carried out theoretically for a structure
that consists of two active layers8 and was experimentally
proven.9 All four layers are identical and therefore this
structure is uniform for the acoustic waves; therefore its anti-
resonant (parallel resonance) frequencies (fn) can be calcu-
lated as: fn¼ n/2h, where n is the serial number of the
normal mode and  is the speed of sound in the material. The
speed of sound in STO, with the induced piezoelectric effect,
is about 8800m/s, and therefore the frequencies of the first
four normal modes are equal to 0.55, 1.10, 1.66, and
2.21GHz.
The results of the calculation of the electrical impedan-
ce’s frequency dependencies for selected combinations of
polarities and magnitudes of bias field are shown in Figure 2.
In Figure 2(a), each of the four peaks in the impedance-
frequency dependence curve corresponds to its own mode.
This only exists in a certain combination of polarity and
magnitude of the DC bias fields.
Based on the qualitative analysis and more rigorous
approach based on the Lakin’s model, let us formulate the
FIG. 1. The thick black solid curve
represents the standing waves of me-
chanical displacements for the first
four modes in a FBAR containing four
active layers. The horizontal lines cor-
respond to the layers boundaries.
Black (thin) solid lines represent the
boundaries, which are motionless; the
dashed-dotted (blue in color) lines rep-
resent the boundaries with displace-
ment g< 0 that move down (arrow
direction); while the dotted (red in
color) lines represent the boundaries,
which move in the opposite direction.
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general principle for the excitation of normal acoustic modes
in a multilayered resonator. The most efficient excitation of
n-th normal acoustic mode can be achieved in a structure
containing n active layers with equal phase shift of acoustic
wave in the active layers and alternating the polarity of the
bias field applied to the layers. (If all layers are of the same
material, then to achieve identical acoustic wave phase shift
their thicknesses should be the same too.)
As seen in Figure 2(b), together with the first mode the
third mode is also excited, and vice versa. The selective exci-
tation of a desired odd mode only (i.e., suppression of the ex-
citation of the undesired mode) is possible by adjusting both
the DC bias polarity and the DC bias magnitude applied to
each of the active layers. Let us consider the selective excita-
tion of the third natural mode in a four active layers structure
(see Figure 1(c)). This structure could be considered as one
that consists of three layers (layers with the same sign of the
applied field), where the middle layer is double in thickness.
The difference in the active layers thickness can be compen-
sated by the magnitude of the applied field. Therefore, for
the selective excitation of the third natural mode (and sup-
pression of the first natural mode), the magnitude of the field
on two central layers should be smaller than the one applied
to the outermost layers. Likewise, reducing the field applied
to the outermost layers while increasing the field applied to
the central layer one can selectively excite the first mode,
while suppressing the third (see Figure 2(a)).
Thus, the principle of selective normal mode excitation
in multilayer thin film bulk acoustic resonators has been pro-
posed. The most efficient excitation of n-th normal acoustic
mode can be achieved in a structure that contains of n layers
with electrostriction-induced piezoelectricity (e.g., STO),
equal phase shift of acoustic wave in the layers, and alternat-
ing the polarity of the bias field applied to the layers.
Furthermore, the suppression of other normal acoustic modes
at the same time can be achieved by adjusting the applied
bias field’s magnitude. The idea was verified using the
Lakin’s model, modified to describe the electro-mechanical
behavior of a structure with four active layers.
This principle can be used for developing of FBARs
with multi resonance frequency switching ability. Such reso-
nators are required for development of dynamically tunable
filter systems.
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FIG. 2. Frequency dependence of the
electrical impedance modulus of the
FBAR for various combinations of the
dc bias field polarities and magnitudes
applied to its ferroelectric (active)
layers. In the graph legend, the ele-
ments of the vector that indicate the
relative magnitude of the bias fields
applied to the respective active layers
are presented. Magnitudes normalized
to the value of 40V/lm (at this value,
a saturation in the dependence of pie-
zoelectric coefficient on the bias field
intensity was observed4).
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